Introduction
The last few decades have seen a growing interest in the application of chitosan (CS) as an industrial polymer (Guibal, 2005; Laudenslager, Schiffman, & Schauer, 2008; Qu, Wirsén, & Albertsson, 1999; Qu, Wirsén, Olander, & Albertsson, 2001) . CS is a product of deacetylation of the natural (and renewable) polymer chitin, the second most common natural polysaccharide after cellulose (Berger et al., 2004; Kasaai, 2010) , and consists of copolymers of D-glucosamine with N-acetyl-D-glucosamine. CS can show diverse properties (Brack, Tirmizi, & Risen, 1997; Laudenslager et al., 2008; Qu et al., 1999; Qu et al., 2001) , and has been applied in a range of recent studies as a natural or "green" biopolymer for food technology, biotechnology, medicina l and environmental (e.g. water clean-up) applications (Ali, El-Aty, Badawy, & Ali, 2018; Bertoni, González, García, Sala, & Bellú, 2018; Hataf, Ghadir, & Ranjbar, 2018; Hu et al., 2018; Zahir -Jouzdani et al., 2018) . CS and its derivatives with imidazole or dihydronicotinamide moieties and other modifications have also shown organocatalytic activity (El Kadib, 2015; Mahé, Brière, & Dez, 2015) . CS shows a strong tendency to interact with polyphosphate, citrate, and metal ions, in particular with transition metals, and has also been extensively utilised for metal nanopartic le stabilisation (Berger et al., 2004; Berillo, Mattiasson, & Kirsebom, 2014; Guibal, 2005; Laudenslager et al., 2008; Yang et al., 2012) . Metal-polymer coordinated complex formation is strongly dependant on the number of free amino groups and the hydrophilicity of the adsorbent structure (Kurita, 2006) . The fundamental mechanism of adsorption of negatively charged metal complexes by chitosan is via donor-acceptor interactions between free electron pairs doublets of chitosan's amine functionality with vacant orbital positions of the metal Guibal, 2005; Kramareva et al., 2004; Wu & Jin, 2010) . The electrostatic interaction plays a primary function in the sorption process (Draget, Värum, Moen, Gynnild, & Smidsrød, 1992) and is strongly influenced by the degree of protonation of the amine groups. This increases with a decrease in pH, hence the electrostatic attraction between negatively charged metal complexes and the positively charged amine groups increases at lower pH Brack et al., 1997; Guibal, Sweeney, Vincent, & Tobin, 2002) . Aqueous CS solutions under mildly acidic conditio ns are therefore attractive as a feedstock for creating composite materials containing metal nanoparticles (NPs) Boufi, Vilar, Ferraria, & do Rego, 2013; Corma & Garcia, 2008; Yang et al., 2012) , including macroporous spheres and hydrogels.
It is well known that in order to produce 3D-macroporous hydrogels, use of a cross linking agent is necessary (Berillo & Volkova, 2014; Dainiak et al., 2010; Gun'ko, Savina, & Mikhalovsk y, 2013; Kirsebom et al., 2013; V. I. Lozinsky, Plieva, Galaev, & Mattiasson, 2001; Savina, Ingavle, Cundy, & Mikhalovsky, 2016) . In most cases chemical cross-linking agents with double or more active functionalities (aldehyde, carboxylic, isocyanate, isothiocyanate, etc.) , or enzymes, are used as cross-linkers in the production of hydrogels (Guibal et al., 2002; Qu et al., 1999) and cryogels (Berillo & Volkova, 2014; Dainiak et al., 2010; Kirsebom et al., 2013; V. Lozinsky, Zubov, Kulakova, Titova, & Rogozhin, 1992) . There are a few examples of hydrogel or cryogel preparation with incorporated nanoparticles (NPs), for instance, via the three step preparation of macroporous scaffolds with incorporated AgNPs, which includes preparation of the scaffold, subsequent treatment with silver salt and reduction by borohydride, (Loo, Krantz, Fane, Hu, & Lim, 2015) . A disadvantage of this approach however is the sometimes uneven distribution of the formed NPs within the material. A two-step approach has also been proposed, which includes the preparation of a nanoparticles suspension and its copolymerisation under cryo-conditions, which also has significant drawbacks including the difficulty of handling of NPs, probable blocking of the active sites of NPs and decrease of activity (Loo et al., 2015) .
In the present study, we demonstrate a novel, reproducible and facile two step preparation procedure for chitosan-based macroporous hydrogels with in situ formed well distributed Pt or Pd nanoparticles. Ayodhya, & Veerabhadram, 2015; Vilian et al., 2017) . Regarding the support material for the catalyst, key requirements which must be taken into account are thermal and chemical stability during the reaction process, and a useable/flexible geometrical structure (Wu & Jin, 2010) . Here, we examine the mechanical properties and stability of chitosan-based cryogels, and the characteristics of their incorporated noble metal nanoparticles (using TGA, FTIR, SEM, EDX and TEM), propose a reduction mechanism for the in-situ production of stabilised dispersed Pt and PdNPs, and assess their catalytic activity using synthesised monolithic flow-through PdNPbearing reactors on a model system of 4-nitrophenol (4NP). (Bronstein et al., 1998) involving dissolution from platinum (II) bromide β-PtBr2 and platinum (II) chloride β-PtCl2 respectively, which were provided by Engelhard industr ies (Stockholm). Medium viscosity chitosan with 85% degree of acetylation and 50% (v/v) glutaraldehyde solution were from Aldrich (Steinheim, Germany), sodium borohydride 98% and 4-nitrophenol were from Fluka (Steinheim, Germany). Sodium acetate trihydrate was provided by Merck (Germany).
Materials

Methods
Preparation of cryogels with in situ reductive formation of platinum and palladium nanoparticles (PtNPs, PdNPs)
Chitosan (CS) was dissolved in different concentrations of aqueous acetic acid (33-200 mM), to a set volume of 1.1 % (w/v) CS. 14.5mM of Na2[PdCl4] or K2[PtBr4] or Na2[PtCl4] (0.07 -0.28 mL) was added to the polymer and vigorously mixed. The mixed solutions with final concentrations of chitosan of 1 % and Na2[PdCl4] of 0.05, 0.2, 0.4 or 0.8 mM (and volume of 0.5mL) were rapidly transferred into a glass tube (diameter 7 mm) and frozen at -12 ºC in a cooled liquid cryostat. After being frozen over 24 h the samples were thawed at room temperature and washed with water. The free palladium and platinum complex content in the wash solution was estimated using ICP MS analysis, which did not show the presence of the target ions.
Cryogels containing [PdCl4] 2with concentrations of 0.05, 0.2 or 0.4 mM (or [PtCl4] 2with concentrations of 1.0, 2.0 or 4.0 mM) were placed into a 2.5 % (v/v) glutaraldehyde (GA) solutio n in 0.1 M phosphate buffer (pH 7.4). The cryogels were incubated at room temperature overnight in a stationary mode to reduce the metal complexes into their corresponding metal NPs, and also to chemically cross-link the CS, over which time the colour of samples changed from white to yellow indicating the formation of Schiff's base groups. Then samples were removed from the solution and extensively washed with water (20 mL x 3 times). Solutions were filtered through a 0.22 µm membrane and analysed for Pd and Pt content using ICP-MS in order to prove that neither NPs nor metal complexes were leaking out of the scaffold, and to estimate the yield of metal complex binding. The cryogels with in situ formed nanoparticles were stored in a refrigerator until further use.
In situ reductive formation of PdNPs in acetonitrile-amended cryogel
In order to produce a uniform cryogel it was necessary to slow down the gel formation process, therefore a 14.5 mM solution of Na2[PdCl4] (0.087 mL) was mixed with 0.05 mL acetonitrile (ACN) and 0.0777mL water. Then, the solution was mixed with 1.363 mL of 1.1% (wt/v) chitosan solution, and rapidly frozen at -12 ºC. After being frozen over 24 h at -12 ºC the [PdClx(ACN)y(NH2-CS)z] 2cryogels were transferred into a 2.5% (v/v) GA solution in 0.1 M phosphate buffer (pH 7.4). The cryogels were incubated at room temperature for 3 h and then extensively washed with water. For long term storage cryogels can be stored in alcohol solutio n or freeze dried and stored at room temperature.
Cryogels characterisation.
Transmission electron microscopy (TEM) was used to analyse the obtained cryogels. A thin slice of the cryogel was arranged on a copper grid and the specimen was stained using a 1 % uranyl acetate solution for 60 seconds, after which the excess liquid was removed and the sample dried (Supplementary information).
Catalytic activity of chitosan-based cryogels containing PdNPs
The catalytic activity of cryogels containing different quantities of PdNPs (0.05, 0.2 and 0.4 mM) was studied in batch mode at room temperature (22 ºC). A cryogel with volume 0.5 mL was placed into 7 mL 50 mM carbonate buffer at pH 10 where 0.15 mL of 50 mM stock solution of 4nitrophenol(4NP) in ethanol was added. Then, 0.15 mL of 0.2 M freshly dissolved NaBH4 in carbonate buffer was added under gentle magnetic stirring. A reaction mixture containing 5 mM 4NP and NaBH4 solution (2 mM) was continuously recirculated through a flow quartz cuvette at a flow rate of 0.5 mL/min and the absorbance measured at 400 nm in automatic mode every minute using a UV-vis (Biowave II) spectrophotometer. All experiments for each concentration of PdNPs were performed in duplicate, and indicated as sample a & b. For further testing of the catalytic activity the cryogel (without preliminary washing) was immersed into a fresh solution of 4NP.
Cryogels were kept in carbonate buffer solution at 4 o C overnight between experiments. Every catalytic cycle of reduction of 4NP took at least 2 h. The experiments were performed at different temperatures using a thermostat (Lauda), which was set for 10 and 35 ºC, respectively.
A control experiment was performed in batch mode at room temperature (22 ºC). A 0.15 mL volume of stock solution of 4-nitrophenol(4NP) (0.05 mM) was diluted in 50 mM carbonate buffer at pH 10 to 6.85 mL and then 0.15 mL of 0.1 M NaBH4 was added. The solution was continuo us ly recirculated through the blank CS-GA cryogel without PdNPs at a flow rate of 0.5 mL/min via a quartz cuvette where absorbance measurements were performed at 400 nm in automatic mode every minute.
The lifetime of the catalyst was expressed using the turnover number (TON), which is the number of moles of substrate that a mole of the catalyst can convert before inactivation (Hagen, 2015) .
The TON was calculated according to equation 1.
and [MeNPs] are the molar concentrations of the substrate and the catalyst, and t is the overall catalytic time) and the turnover frequency (TOF) was calculated using equation 2.
Further methods used for characterization of cryogels (FTIR, ionic chromatography, SEM, rheology, swelling degree) are described in detail in Supplementary Information.
Results and Discussion
Preparation of cryogels with in situ formed Pd and Pt nanoparticles
For the formation of cryogels, it is critical that freezing of the solvent takes place prior to the crosslinking reaction (Kirsebom et al., 2013) . Rapid mixing, cooling and freezing of reaction mixtures of CS and Na2[PdCl4] or Na2[PtCl4] down to -12 o C allowed crystallisation of the solvent and phase separation, with the liquid phase containing a concentrated solution of dissolved solutes such as CS, acetic acid (HAc), noble metal complexes and bound non-frozen water, which solvates the solutes. The solid phase was formed of pure ice crystals, which act as a porogen (Gun'ko et al., 2013; Kirsebom et al., 2013; V. I. Lozinsky et al., 2003) to create a macroporous structure. Under semi-frozen conditions in the liquid phase, the macrochains of CS were chelated by the noble metal complexes not due to low temperature, but due to a cryoconcentration effect, resulting in the formation of a stable 3D-network. After chelation reached equilibrium, the sample was thawed and the ice crystals melted, following which the polymeric network maintained its shape, i.e. the macroporous structure where the ice crystals were present earlier .
The development of a coordinated bond between the non-protonated amino groups of CS and the noble metal complexes was responsible for the gelation process.
The increase in viscosity over a 30 minute period (at standard temperature) for a CS solutio n containing 0.2 mM [PdCl4] 2-( Figure S1 ) was significantly more rapid than that of the same solution in the presence of ACN. This observation indicates that the ligand exchange process for the [Pd(ACN)2Cl2] -2 complex with CS occurred more slowly than that of tetrachloropallada te.
Taking into account these data it can be concluded that cryogel formation took place after solvent crystallization, which took place within 5 min of mixing of the reagents. The change of viscosity for a solution containing 0.4 mM of [PdCl4] 2indicated that the hydrogel formation or cross-link ing process was completed within 20-30 minutes at standard conditions ( Figure S1 ). The viscosity of CS solution with 0.05 mM and 0.2 mM of [PdCl4] 2did not reach an equilibrium, indicating the concentration dependence of the process.
Therefore by utilizing a complex of [Pd(ACN)2Cl2] -2 it is possible to prepare a macroporous catalyst with higher noble metal content, via delaying hydrogel formation, which allows freezing of the solution prior to gelation.
ICP-MS analysis of wash water from freeze dried cryogels containing Pd complexes did not reveal any free Pd ions in the solution, confirming the stable binding of Pd complexes with the cryogel scaffold. Non freeze-dried, freshly prepared, cryogels showed a yield of 99.66% of the Pd-CS complex (concentration of palladium of 1-2µg/L). Additionally, analysis of the phosphate buffer with glutaraldehyde did not reveal any palladium ions in solution after the (glutaraldehyd e) reduction & cross-linking process (discussed below).
Cryogels were characterised by a semi-translucent structure, most probably due to the generation of relatively thicker pore walls compared to ordinary cryogels ( Figure 1 ) (Kirsebom et al. 2013 ). This structure may be attributed to the hydrophilic nature of the polymer, the relative ly low degree of cross-linking, and an absence of phase separation. This observation is in agreement with previous studies where semi-transparent cryogels based on hyaluronic acid were reported (Kirsebom et al., 2013; Oelschlaeger, Bossler, & Willenbacher, 2016) . It was visually observed that cryogels containing palladium or platinum were not light sensitive, in contrast to cryogels containing gold complexes complexes, therefore most probably the energy of visible light is not enough for activation of a simultaneous reduction process and as a consequence the material is stable under visible light.
To prepare cryogels containing in-situ synthesized Pt or Pd nanoparticles, while avoiding dissolution or damage of the cryogel under acidic conditions, the cryogels were treated with GA.
As a control experiment the cryogels were reduced by borohydride, which however resulted in collapse of the cryogel structure. Treatment with GA led to a condensation reaction of the primary amino groups of CS with aldehyde groups resulting in formation of Schiff's bases, i.e. crosslinking of CS (Berger et al., 2004) (Shi, Zhang, Shen, Bi, & Dai, 2013) . Concurrently, the presence of aldehyde functionality and noble metal complexes triggers a simultaneous oxidation-reductio n process. The oxidation of aldehyde to carboxylic groups (E 0 [HC=O]/[COOH] = -0.58 V) by noble metal complexes leads to reduction to the zero valent state, forming Pt or Pd nanopartic les (reaction 2 below), respectively. To confirm the reductive properties of GA a number of control experiments of GA with tetrachloropalladate were performed. The mixture of tetrachloropallada te with GA did not change colour over time, confirming that the reaction did not take place in acidic conditions, which shifted the equilibrium of the reaction to the reduction process. The reaction performed in carbonate buffer (pH 7.2-7.6) resulted in CO2 emission and formation of PdNPs precipitates. H 1 -NMR spectra of the reaction mixture at different conditions were recorded, which did not show significant changes, probably due to the formed glutaric acid instantly acting as a stabilising agent for PdNPs. It is well known that di and tricarbonic acids can act as a stabilis ing agent, the most famous example of which is the preparation of noble metal nanoparticles using citric acid. (Maritz & van Eldik, 1976) The driving force of the simultaneous reduction process is the difference in standard redox potentials between oxidant and reductant, whereby the larger the change of standard redox potential the faster the reaction that takes place. Previously, the possibility of reduction of Pt using formaldehyde has been observed, however, the mechanism of formation of nanoparticles and their subsequent stabilisation was not shown. A possible mechanism for the reduction reaction of noble metal-polymer coordinated complexes by GA is shown below (reaction 1). where Lg = ligand (-R-NH2 or R-OH, Ac -), and Me = Pt or Pd, 0<n<4 and x<n
The resulting zero valent noble metal nanoparticles are stabilised by various ligands from the polymer, which have been shown and comprehensively characterised by FT-IR, XPS and EXAFS (for Pd adsorbed by CS, (Kramareva et al., 2004) ).
Characterisation of CS-based cryogels containing PtNPs or PdNPs.
SEM images showed the macroporous structure of the CS-GA-PdNPs cryogels, which were defined by thin walls, due to utilisation of CS in diluted acetic acid (Figure 2(a,b) ). Previously, the concentration effect of osmolytes on the thickness of cryogel walls has been shown (Kirsebom et al., 2013) . TEM analysis was used to examine the dimensions and distributions of PdNPs and PtNPs within the cryogel (Figure 2(c,d) The utilisation of GA produces a chemically cross-linked dense network, which successfully prevents the subsequent aggregation of the in-situ formed nanoparticles. The reduction of platinum or palladium complexes in the presence of CS by sodium borohydride (NaBH4) results in formation of PtNPs with a diameter in the range of 2.0 -3.5 nm. Alteration of the ratio of palladium salt to NaBH4 did not affect the size distribution of PdNPs (Adlim et al., 2004; Laudenslager et al., 2008) . There are no published data on the size distribution of PtNPs or PdNPs prepared by the use of GA. The average size distributions of PdNPs and PtNPs in the cryogel walls were estimated using Image J software which indicated the presence of NPs mostly of diameter 2.4 nm and 2.2 nm, respectively (Figure 3 ). PdNPs and PtNPs were well distributed in the CS-GA cryogel.
As can be observed on the TEM images PdNPs were characterised by a mixed morphology, although we approximate that most of the particles had close to spherical shape, (Figure 2, 3) therefore histograms of size distributions of PdNPs and PtNPs within the cryogel walls were illustrated via comparison of the diameter of particles (Figure 3) . However, to estimate the heterogeneity in channel and pore structure a nitrogen adsorption analys is technique was used to (a) quantify the surface area of the material, and (b) examine the nanoporosity of the material. Table S1 summarises the experimental results obtained for cryogels by applying three different adsorption models (isotherms), namely BET, BJH and DFT ( Figure   S2 -S3). The surface area (SBET) of the CS cryogel, and 0.2mM PdNPs-CS-GA and 0.4mM
PdNPs-CS-GA cryogels was 94, 24 and 43 m²/g, respectively, which is similar to surface area measurements reported for PVA-GA cryogels (Zheng, 2013) . The pore diameter of the CS cryogel, and 0.2mM PdNPs-CS-GA and 0.4mM PdNPs-CS-GA cryogels, was evaluated using the BJH model, which gave calculated (nano)pore diameters equal to 3.06, 3.83 and 3.06 nm respectively ( Figure S3 ).
TGA analysis of cryogels with in situ formed PdNPs
Under TGA analysis, the cryogel CS-GA-[PdCl4] showed an initial weight loss of 6-7 % before 100ͦ C due to loss of water adsorbed from air during storage and sample preparation. The primary degradation of pure CS started at about 234 °C, and the CS was completely degraded at 450 °C with a weight loss of 78 %. The degradation of dry hydrogel composed of CS-GA and PdNPs correlated with the degradation profile of the pure CS-GA cryogel in an atmosphere of nitrogen ( Figure S4 ). It should be noted that there is a significant difference in the amount of solid residue after decomposition of pure CS-GA and the CS-GA-PdNPs (0.05 mM) cryogels in an atmosphere of air of 38 % and one %, respectively. One can assume that the mechanism of decomposition of the material is different, which is most probably related to the catalytic activity of PdNPs, which presumably catalyses polymer destruction during heating (Supplementary information).
Catalytic activity of cryogel-hosted PdNPs
To demonstrate the properties of the obtained macroporous cryogels in term of their applicatio n as a superior catalytic scaffold for a variety of reactions, a model system using 4-nitrophenol (4NP) was examined. Cryogels with impregnated PdNPs were here tested as catalysts for the reduction reaction of 4NP by NaBH4. 4-nitrophenol (4NP) is a priority pollutant and one of the most common industrial nitroaromatic compounds, generated during a range of processes including drug (paracetamol) and pesticide manufacture, leather treatment and dyestuffs production. The reduction of 4NP to 4-aminophenol with an excess amount of NaBH4 has been used by a number of authors as a model reaction to examine the catalytic performance of metal NPs (Kuroda, Ishida, & Haruta, 2009; Menumerov, Hughes, & Neretina, 2016) . The catalytic effectivity of three different quantities of PdNPs (2.66, 10.6 and 21.2 µg), supported by cryogels, under various conditions (4NP concentration, temperature) were studied in batch mode using UVspectrophotometry. Pseudo-first order reaction rate constants (k) were calculated under identica l reaction conditions using plots of ln(At) vs. time t, which gives a straight line with a slope of minus.
Under UV-spec. analysis, the intensity of the absorbance of the nitro group at 400 nm decreased with time, and concurrently, a band with increased absorbance intensity appeared at 300 nm, illustrating the conversion of 4NP to the reduction product 4-aminophenol (4AP4) (Menumero v et al., 2016; Murugan & Vimala, 2013) . The catalytic activity of the macroporous materia ls (PtNPs-CS-GA and CS-GA-PdNPs) did not reduce over multiple treatment cycles (n = 7, Figure   S6 , n = 10, Table 1 ), confirming relative stability of the catalyst and the catalytic process over time (and over at least 10 repeat cycles).
As we used much higher concentrations of sodium borohydride than of 4NP, it can be assumed that the former remains basically invariable during the reaction. Under these conditions, the pseudo-first-order reaction kinetics of the reduction of 4NP can be utilised to estimate the catalytic rate. A linear correlation with time, that is, ln(At/A0) (where At stands for absorbance at 400 nm at time t and A0 stands for absorbance at 400 nm at time 0) versus time plot, was observed. The value of the pseudo-first-order reaction rate constant (k, determined from linear fitting) is presented in Tables 1-3 and Figure 5 . Calculation of the kinetic rate was performed for the linear region of the kinetic curve for 90 minutes. The conversion degree of 4NP by 21.2 µg of PdNPs at the 10 th catalytic cycle was 85-96 % (Table 1) .
Conversion degree data of 4NP using 11µg of PdNPs in Pd-XI cryogels revealed reproducible results, with a conversion of about 60-75 % over 50 minutes (Table 3) .
Comparison of the conversion degrees of 4NP using PdNPs (10.6 µg) between Pd-XI and Pd-IV cryogels did not show significant differences for periods of time of up to 50 minutes ( Figure S7i,ii) .
However, TON and TOF parameters for Pd-IV cryogels were higher compared to Pd-XI samples ( Table 2 ). The control sample (CS-GA cryogels) showed some adsorption of 4NP ( Figure S8i ), but control experiments showed that reduction of 4NP in the presence of NaBH4, but without noble metal nanoparticles, did not occur ( Figure S8ii ). x experiment continued on the next day (overnight break between cycles).
A two times dilution of 4NP, but keeping the amount of the substrate (umol:umol) comparable in both cases (comparable to increasing the volume) led to a decrease of 4NP conversion at 22 ͦ C of approximately 10 % (Table 1) , which is most probably related to diffusion limitation due to the dilution effect, which in turn is in agreement with a decrease of the kinetic rate by 55-60%. It was observed that the kinetic rate for the first catalytic cycle at different temperatures was in the range of 20-40% less compared to the following cycles, which is related to a certain activation time needed to saturate PdNPs with hydrogen within the cryogel (Table 1 ). An increase of sodium borohydride concentration from 8.7 mM to 16.5 and 22.2 mM for the same volume and concentration of 4NP resulted in an increase of the rate at room temperature by (on average) 33 and 82 %, respectively (Table 1(a), Figure 5a (PdV) ). It is noteworthy that if the next experime nta l cycle continued after an overnight break or on a subsequent day, the degree of conversion decreased by approximately 10% compared to the following catalytic reaction performed, this as noted previously is related to the saturation of the PdNPs with a sufficient amount of hydrogen ( Figure 5 ). It is important to note that the conversion of 4NP did not decline over 10 cycles ( Figure   S8 ), showing a conversion degree of 96 % for the sample containing 21 µg PdNPs for Pd-V ( Figure   5a ). Increasing the temperature of the catalytic reaction from 10 to 22 and 35 ͦ C by Pd-V increased the kinetic rate by 1.44 and 2.26 times, respectively (Table 1(b) and Figure 5c ).
Apparent TON and TOF for the catalyst PdNPs (21 µg) for 10 catalytic cycles were 6.03 and 0.3 h -1 , respectively ( Table 2 ). The TOF parameter clearly illustrates an enhancement in catalytic efficiency for the reduction reaction with an increase of temperature, i.e. TOF at 10, 22 and 35 ͦ C was 0.1, 0.3 and 0.38h -1 , respectively ( -2) . Calculations of the kinetic rate were performed for the linear region of the kinetic curve for 90 minutes (Table 3 ). An increase in the reaction time from 80 to 120 min did not significa ntly increase the conversion of 4NP, therefore there are limited benefits for prolonging solutio n exposure time to the catalystinstead relatively short treatment times can be used before passing on process wastes to following separation or adsorption steps. If considering the use of the supported catalyst for environmental applications, the catalytic system could be used to reduce 4NP concentrations by 85-95%, following which trace amounts of the contaminant might be removed by subsequent adsorbents. for cryogels Pd-XI and Pd-IV; 1.3 µM of 4NP, 7 mL for cryogels Pd-IVi.
x experiment continued on the next day(overnight break at 4°C between cycles). which is in agreement with viscosity data (Figure S1) ).
Doubling the 4NP concentration while keeping the the same volume of the reaction mixture led to a halving of the conversion degree for the same period of time for cryogels Pd-IV and Pd-IV* ( It was observed that the activity showed no significant decrease after reuse for 17 cycles. This indicated that the PdNPs were not deactivated, or washed out or poisoned, during the catalytic process (Figure 5a ).
The observed rates of catalytic reduction using PdNPs correlate well with those reported in the literature, for example, rates using a polyanilin-PdNPs composite (bulk) with a (Pd) weight of 130, 390 and 650 µg were 4.8*10 -3 , 11*10 -3 17.7*10 -3 mol -1 min -1 (Komathi et al., 2010) . In this study however 30 -40 times less palladium catalyst was used. The same reaction catalysed by a hybrid of multi-walled carbon nanotubes and an amphiphilic poly-(propyleneimine) dendrimer immobilised with PdNPs demonstrated a constant rate of 14.6*10 -3 min -1 (Murugan & Vimala, 2013) . Esumi et al., (2004) reported that the k for PdNPs catalysts supported on multi-wa lled carbon nanotubes was equal to 2.958*10 -3 min -1 .The comparison of kinetic rates with other previously published Pd catalyst data for nitrophenol reduction is presented in Table S3 . The main advantages of the present system compared to other PdNPs catalyst systems are the absence of a separation step for the PdNPs, and the use of (a) a two-step preparation method, (b) a significa ntly lower amount of the catalyst (3-21 µg Pd), and (c) relatively inexpensive chemical precursors (in the case of chitosan, based on a naturally-derived and common biopolymer). Macroporous cryogel scaffolds have been shown to be capable of production in a variety of shapes and configuratio ns and the cryogel production process can also be readily scalable to much larger scaffold/sa mp le volumes (Savina et al., 2016) , giving high potential for practical engineering / environme nta l application.
Conclusion
In this paper, we have illustrated a two-step preparation procedure for mechanically stable macroporous materials with incorporated noble metal nanoparticles. The cryogelation of CS with Pd complexes led to 99.66 % noble metal binding due to cryoconcentration effects and ligand exchange processes. The following freeze drying step helps to achieve nearly 100% metal binding.
Using a complex of tetrachloropalladate in the presence of acetonitrile it is possible to prepare a catalyst with higher metal content and to delay hydrogel formation, which was confirmed by a slowed increase in the viscosity of the CS solution. In situ preparation of Pt and Pd nanopartic les incorporated into the cryogel walls using glutaraldehyde as a reducing (and cross-linking) agent was proposed. The absence of leakage of noble metal complexes and nanoparticles from the macroporous scaffolds was confirmed using ICP-MS. The catalytic activity of the macroporous material was evaluated using a model reaction of 4NP reduction by sodium borohydride. It was observed for all experiments that the initial conversion degree of 4NP was 10% less on the first cycle compared to the following catalytic cycles, which is attributed to a certain time needed to saturate PdNPs with hydrogen. Increasing the temperature of the catalytic reaction from 10 to 22 and 35 ͦ C by PdNPs supported within the cryogel increased the kinetic rate by 1.44 and 2.26 times, respectively. PdNPs prepared in the presence of acetonitrile illustrated an average rate for seven cycles of 15.9+2.1 min -1 , lower than the rate for cryogels prepared without acetonitrile (22.9+5.3 min -1 ). TON and TOF parameters for four types of PdNPs supported cryogels were calculated for 10 catalytic cycles. TON and TOF for the macroporous materials with 2.66 µg 13.3 µg and 21 µg of incorporated PdNPs were 10.24 & 0.529 h -1 ; 4.34 & 0.206 h -1 ; 6.22 & 0.285 h -1 , respectively.
The conversion degree of 4NP for a catalyst content of 21 µg of PdNPs reached 98.9 % at room temperature. The catalytic activity for 4NP conversion did not decline significantly over the testing
